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(54) Alternating current generator for motor vehicles 

(57) An alternating current generator for motor vehi- 
cles having an extremely small power loss and which 
can be simply cooled includes a power converter having 
at least either high side semiconductor power elements 
or low side semiconductor elements. The high side 
power elements connect an output terminal of the arma- 
ture coil to a high potential terminal of the battery; the 
low side semiconductor power elements connect an 
output terminal of the armature coil to a low potential 
terminal of the battery. The power converter converts 
the alternating current generated voltage of the arma- 
ture coil into a direct current voltage to supply electricity 
to the battery. An exciting current controller includes a 
switching transistor for controlling an exciting current to 
a field coil. Either or both all the semiconductor power 
elements in the power converter or the switching tran- 
sistor in the exciting current controller is formed of SiC 
material, which is a compound of Si and C, having a 
resistivity smaller than that of pure Si. 
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Description 

CROSS REFERENCE TO RELATED APPLICATION 

5 This application is based upon and claims the benefit of priority of the Japanese Patent Applications 5-306755 filed 

on December 7, 1993 and 5-310577 filed on December 10, 1993, the contents of which are incorporated herein by ref- 
erence. 

BACKGROUND OF THE INVENTION 

10 

1. Field of the Invention: 

The present invention relates to an alternating current (A. C.) generator for motor vehicles, the generator providing 
a power converter for converting an alternating current generated voltage into a direct current voltage and an exciting 
15 current controller for controlling an exciting coil. More particularly the A. C. generator for motor vehicles according to 
the present invention can be applied to so-called alternators driven by an engine, alternators for regenerating kinetic 
energy generated at the time of braking vehicles as an electric power to enable the generation of power, and vehicle- 
driving motors for electric automobiles. 

20 2. Related Art: 

A. C. generators are already known which include a three-phase full wave rectifier having high side semiconductor 
elements for individually connecting each end of a three-phase armature winding (coil) to a high potential end of a bat- 
tery and a low potential end thereof, and a low side three-phase full wave rectifier having semiconductor power ele- 

25 ments, and a controller for synchronously interrupting each of the aforementioned semiconductor power elements. The 
three-phase full wave rectifier converts a generated voltage of the three-phase armature winding into a direct current to 
supply electricity to the battery. For example, Japanese Unexamined Patent Application No. Hei 4-138030 discloses 
use of MOS power transistors as the aforementioned semiconductor power elements. / 

MOS power transistors of this kind normally adopt a vertical-type transistor structure in which an N-type silicon (Si) 

30 substrate constitutes a main electrode on one side of the MOS transistor to secure a withstand voltage and a reduction 
in resistance, and N + -type region constitutes the other main electrode thereof, the N + -type region being formed on a 
surface portion of a P-type well region formed on the surface of a chip. 

On the other hand, an output current of the A. C. generators for motor vehicles is controlled by connecting in series 
an exciting coil and a switching transistor between both output terminal of the three-phase full wave rectifier and inter- 

35 rupting an exciting current passing through the exciting coil with a switching transistor of an exciting current controller. 
This exciting current controller is normally arranged either inside or outside of a housing of the A. C. generators for the 
shrinkage of wirings and a reduction in the generation of the electromagnetic noises. 

As the switching transistor, transistors formed of silicon, either bipolar transistors (hereinafter referred to as Si- 
BPT's) or MOS power transistors (hereinafter referred to as Si-MOST*s), are used. 

40 Since the three-phase full wave rectifier using the aforementioned MOS power transistors has a construction 
wherein a parasitic diode serving as a PN-junction diode of the conventional three-phase full wave rectifier and a MOS 
power transistor are connected in parallel, a power loss might be reduced by the absence of a voltage drop in the for- 
ward direction of the junction diode as compared with the three-phase full wave rectifier using a conventional silicon 
diode. 

45 However, the inventors of the present invention have clarified in their analysis that the aforementioned three-phase 

full wave rectifier of the MOS power transistor type suffers from the following drawback. 

In the A. C. generator for motor vehicles, the accumulated amount of magnetic energy is so large in the winding of 
the three-phase armature and the exciting coil that the withstand voltage of each of the semiconductor power elements 
in the three-phase full wave rectifier needs to be set to about 300 volts, 20 times or more of the battery voltage, or the 

so output rectifying voltage of the three-phase full wave rectifier. 

Furthermore, an increase in the vehicle-carried electric load in recent years (for example, for defrosting heater or 
the like) demands an output current of 100 A or more. Since the power loss in the MOS power transistor with such a 
high withstand voltage and a large current construction has become almost equal to the counterpart of diodes, use of 
MOS power transistors with such complicated construction in place of diodes has become insignificant. 

55 Problems in the aforementioned three-phase full wave rectifier of the MOS transistor type will be analyzed in more 
detail hereinafter in conjunction with FIGs. 3(a), 3(b), 4 and 5. FIGs. 3(a) and 3(b) are views of an inverter circuit, the 
views showing one-phase portion of the three-phase full wave rectifier of the MOS power transistor type, FIG. 3(a) 
showing a case of a N-type channel MOS power transistor, FIG. 3(b) showing a case of P-type channel MOS power 
transistor. Furthermore, FIGs. 4 and 5 are views showing a typical example of cross section structure of a typical MOS 
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power transistor. 

In the inverter circuit of the N-channel MOS power transistor shown in FIG. 3(a), a drain electrode D of a high side 
MOS power transistor 101 and a source electrode S of a low side MOS power transistor 102 are connected to one 
phase output terminal, a drain electrode D of a low side MOS power transistor 102 is connected to a low potential ter- 
5 minal of a battery (not shown), and a source electrode S of a high side MOS power transistor 1 01 is connected to a high 
potential terminal of the battery. The direction of the charging current at the charging time is opposite to the travel direc- 
tion of electrons. 

In addition, in the aforementioned MOS power transistors 101 and 1 02, a source-side connected parasitic diode Ds 
and a drain-side connected parasitic diode Ds are generated in principle between the P-type well region and either the 
io source electrode S or the drain electrode D as shown in FIGs. 3(a) and 3(b). 

The P-type well region is normally connected either to the source electrode S or to the drain electrode D out of the 
necessity of adding a potential to the P-type well region. When this inverter circuit is used as one-phase circuit of the 
three-phase full wave rectifier, the drain connected parasitic diode Dd which connects the P-type well region (for exam- 
ple, at 103 in FIGs. 4 and 5) to the drain electrode D (for example, at 104 in FIGs. 4 and 5) needs to be short-circuited 
is as shown in FIG. 3(a). 

In other words, when the P-type well region (for example, at 103 in FIGs. 4 and 5) is connected to the source elec- 
trode S (for example, at 106 in FIGs. 4 and 5) and the source connected parasitic diode Ds is short-circuited in the 
three-phase full wave rectifiers for motor vehicles, a drop in the generated voltage connected to the drain electrode D 
of the high side MOS power transistor to a voltage lower than the battery voltage causes a reverse current to flow 

so through the drain connected parasitic diode Dd. In the same manner with a rise in the generated voltage connected to 
the source electrode S of the low side MOS power transistor to a voltage exceeding the lower potential voltage 
(grounded voltage) causes a reverse current to flow through the drain connected parasitic diode Dd. Therefore, the pre- 
vention of the reverse current flowing through the drain connected parasitic diode Dd requires the connection of the P- 
type well region 103 to the drain electrode so as to prevent the flow of the reverse current with the source connected 

25 parasitic diode Ds. 

In conclusion, the P-type well region (for example, at 103 in FIGs. 4 and 5) of the MOS power transistor used in the 
three-phase full wave rectifier in A. C. generators for motor vehicles needs to be connected to the drain electrode D. The 
same thing holds true of the P-channel MOS power transistor shown in FIG. 3(b). 

However, in the conventional MOS power transistor structure shown in FIGs. 4 and 5, the P-type well region 103 
30 and the N + -type region 104 located on the surface portion of the P-type well region 103 is inevitably short-circuited, and 
a depletion layer 107 located between the P-type well region 103 and the N-type epitaxial withstand voltage layer 105 
is inevitably swelled to the N-type epitaxial withstand voltage layer 105 to endure the withstand voltage. 

In other words, when the three-phase full wave rectifier in the aforementioned A. C. generator for motor vehicles is 
constituted of the conventional MOS power transistor construction shown in FIGs. 4 and 5, an N + -type substrate 106 
35 inevitably serves as a source region whereas the N + -type region 104 inevitably serves as a drain region. However, in 
such a construction, a large source parasitic resistance Rs in the N-type withstand voltage layer 105 is connected in 
series to a substantial source terminal S' and the source electrode. 

A drain saturated current Idsat in the MOS transistor is ignored for the simplification of a threshold voltage Vt. The 
drain saturated current Idsat is represented by the following equation; 

40 

Idsat = K(Vg - Vs) 2 = K(AVgs - Idsat • Rs) 2 

where K is a proportional constant, AVgs is a voltage between gate and source (Vg - Vs), and Vs' = Vs + Idsat • Rs and 

represents a potential of a substantial source terminal S\ 
45 In other words, the drain saturated current (maximum current at the time of the application of a predetermined gate 

voltage) Idsat is equal to a drop in the gate voltage Vg by Idsat • Rs. Incidentally, a change in the threshold voltage 

resulting from the substrate effect is also ignored. 

For example, when the gate voltage assumes +20 volts, a source (battery) voltage +12 volts, current 100 A, and a 

source parasitic resistance Rs 0.05 ohms, the actual source potential Vs' becomes 1 7 volts with the result that a chan- 
50 nel current drops to 9/64 of a case where Rs is 0. In other words, the fact shows that a slight rise in the source parasitic 

resistance Rs extremely reduces the channel current. This current reduction effect, or the channel resistance rise effect 

is referred to as the source resistance feedback effect. 

The aforementioned equation is applied to a drain current saturated region. In the same manner, a rise in the 

source parasitic resistance Rs reduces a drain unsaturated current in the unsaturated region. Such a reduction in the 
55 drain current means a rise in a channel resistance. A rise in the aforementioned source parasitic resistance As itself 

invites a loss of power, as well as a rise in the channel resistance resulting in a loss of power. This shows that the afore- 
mentioned phenomenon invites a large loss of power and heating. 

Of course, it is possible to reduce a thickness of the N-type withstand voltage layer 105 for the reduction in the 

source parasitic resistance Rs in the MOS power transistor construction shown in FIGs. 4 and 5. However, since A. C. 
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generators for motor vehicles require a high withstand voltage such as 300 volts as described above, it is difficult to 
reduce the thickness of the N-type withstand voltage layer 105. 

In other words, when the breakdown electric field strength of silicon is about 30 volts/^m in normal MOS power 
transistors, the N-type withstand voltage layer 105 requires a thickness of 10 um even with a constant electric field 
5 strength in the N-type withstand voltage layer 105 assuming that only the N-type withstand voltage layer 105 endures 
the withstand voltage of 300 volts. In actuality, the thickness of the N-type withstand voltage layer 105 must be set to 
about 20 um or more so that the N-type withstand voltage layer 1 05 endures 300 volts with the electric field strength in 
the N-type withstand voltage layer 105 being set to about 30 volts/um. The impurity concentration must be set to about 
1 x 10 1 5 atoms/cm 3 or less. 

10 Formation of the N-type withstand voltage layer 105 having such a thickness and an impurity concentration for 
securing the withstand voltage invites a rise in the aforementioned source parasitic resistance Rs and a resistance loss 
as well as the aforementioned reduction in the drain current (a large increase in the channel resistance) Consequently 
the three-phase full wave rectifier of the MOS power transistor described in the aforementioned Japanese Unexamined 
Patent Application No. Hei 4-138030 cannot exceed the three-phase full wave rectifier of the PN-junction diode type in 

75 theory in the usage of A. C. generators for motor vehicles (namely, reactance load field). Therefore, the three-phase full 
wave rectifier of the MOS power transistor type has no merit in practical usage with such defects as complicated struc- 
ture and control. 

On the other hand, it is possible to consider that the N + -type region 104 serves as the source electrode and N + - 
type substrate 1 06 serves as the drain electrode in the MOS power transistor construction shown in the aforementioned 
20 FIGs. 4 and 5 to short-circuit the P-type well region 103 and the N + -type drain region 106. 

However, it is extremely difficult in this method to secure a withstand voltage of 300 volts between the NMype 
region (source region) 104 and the P-type well region 103 while securing the withstand voltage between the gate elec- 
trode and the P-type well region 107, and the N + -type region 104. 

The inventors of the present invention have concluded for the aforementioned reasons that an actual improvement 
25 of the breakdown electric field strength in the withstand voltage layer will result in a remarkable power loss and heating 
in the power converter in the A. C. generators for motor vehicles based on the results of their analysis. The MOS power 
transistor used in a power converter for converting an alternating current generated voltage into a direct current voltage 
can hardly be formed with the currently available silicon MOS power transistor. The realization of the power converter 
of the MOS power transistor requires a remarkable reduction in the resistance in the withstand voltage layer, a remark- 
30 able reduction in the thickness of the withstand voltage layer, and an increase in the impurity concentration, ail of which 
can be realized only after the breakdown electric field strength in the withstand voltage layer is remarkably improved. 

In the foregoing passage, relations between an output current of A. C. generators for motor vehicles and properties 
of a switching transistor in the aforementioned exciting current controller will be analyzed hereinafter. 

A rise in a maximum temperature permitted for the MOS power transistors (MOST's) or bipolar power transistors 
35 (BPTs) as the switching transistor is limited (for example, tens of degrees in terms of the surface temperature). A rise 
in the permissible temperature AT limits the maximum permissible heating quantity Qmax of the switching transistor. 
The maximum permissible heating quantity is represented by an equation; Qmax = r x Imax 2 = f (rt S, AT) where r is 
an ON resistance r of the switching transistor, Imax a maximum excited coil, f a function, rt a heat radiation resistance, 
and S a heat radiation area. 

40 An ON resistance r in the conventional transistor which constitutes the switching transistor for controlling the excit- 
ing current in the A. C. generators for motor vehicles has a definite minimum value. 

In other words, since the aforementioned A. C. generators for motor vehicles have a large accumulated magnetic 
energy amount in the three-phase armature winding and the exciting coil, an extremely high surge voltage is applied to 
the switching transistor through a high output potential terminal of the three-phase full wave rectifier in accidents (such 

45 as coming off of the battery terminal and the generation of a load damp voltage) in which the accumulated magnetic 
energy is discharged in a moment. Therefore, the switching transistor needs to be designed with specifications of a high 
withstand voltage (300 volts or more even in A. C. generators for motor vehicles with a rated voltage of 14 volts). 

However, the conventional transistors formed of silicon such as Si-BPTs and Si-MOSPs have a definite avalanche 
breakdown electric field strength, enduring a withstand voltage within the scope where transistors do not break down 

so inevitably requires an increase in the thickness of the withstand voltage layer and a low impurity concentration. Conse- 
quently, the resistivity of the switching transistor could not be reduced to a definite value or less. Incidentally, an 
increase in a chip size is effective to reduce the ON resistance r. However, it is difficult to increase the chip size to a 
certain limit (for example 10 mm square) or more because of a reduced yield. Therefore, the ON resistance r of the con- 
ventional switching transistor is limited to a certain value or more because of a large resistivity of the withstand voltage 

55 layer and a limited chip area. 

That is, A. C. generators for motor vehicles generate a high surge voltage along with the discharge of magnetic 
energy with the result that the switching transistor has a high ON resistance r. Hence it is apparent that the maximum 
exciting current Imax inevitably requires to be set at a relatively small value to reduce a heating amount of the switching 
transistor to less than a definite maximum permissible heating amount Qmax. 
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It is appreciated that since the maximum flux quantity Omax of A. C. generators for motor vehicles stands virtually 
proportional to the maximum exciting current Imax and the output power of A. C. generators for motor vehicles depends 
on the maximum flux quantity Omax, a high withstand voltage performance required of the switching transistors used 
in A. C. generators for motor vehicles strongly limits an improvement in the output of A. C. generators for motor vehicles 
5 in end. 

Naturally, it is possible to use a plurality of switching transistors in parallel to increase the maximum permissible 
heating amount Qmax, or maximum exciting current Imax. However, using a plurality of switching transistors in parallel 
causes a problem of element cost and required space. 

It is also thought that the maximum exciting current Imax is increased by an improvement in the radiating properties 
10 of switching transistors. Since switching transistors are arranged on the end surface of a housing of A. C. generators for 
motor vehicles, it is difficult to arrange a large radiating fin because it will result in an increase in the size of A. C. gen- 
erators and an increase in ventilation resistance. 

Furthermore, since the aforementioned switching transistors are arranged on the end surface of the housing of A. 
C. generators, the transistors are affected by heating inside the generators and heat radiated from engines through the 
is housing. On the other hand, since cooling air has a low wind flow amount when the engine is idle, the peripheral tem- 
perature of the switching transistors becomes considerably high (for example, 135°C) when the engine is idle, the out- 
side temperature is high, and an electric load is large. This strictly limits the aforementioned permissible temperature 
rise AT permitted for the switching transistors in this respect, thereby further limiting the maximum permissible heating 
amount Qrrtax and the maximum exciting current Imax and finally the output current of A. C. generators for motor vehi- 
20 cies. 

The present invention has been made on the basis of the result of a detailed analysis of the aforementioned prior 

art. 

SUMMARY OF THE INVENTION 

25 

Therefore, an object of the present invention is to provide an A. C. generator which can improve an output efficiency 
and which can facilitate cooling with less heating. 

Another object of the present invention is to provide an A. C. generator for motor vehicles which has a power con- 
verter whereby the generator can remarkably reduce a power loss compared with the conventional three-phase full 

30 wave rectifier and can facilitate the cooling. 

Still another object of the present invention is to provide an A. C. generator for motor vehicles which is capable of 
largely improving an output without damaging the reliability because of a reduced operational margin of switching tran- 
sistors and without damaging the cooling of coils because of an increase in the ventilation resistance of the generator, 
based on a finding that properties of the aforementioned switching transistor for exciting current control limits an 

35 improvement in the output of generators. 

Still another object of the present invention is to provide an A. C. generator for motor vehicles which is capable of 
reducing the ventilation resistance thereof, reducing a space in which the switching transistors are arranged and 
improving the economy thereof by reducing the size of and simplifying the switching transistors for exciting current con- 
trol and cooling construction thereof without inviting a reduction in the output of the generator. 

40 Still another object of the present invention is to provide an A. C. generator for motor vehicles which is capable of 
largely reducing a resistance power loss in a withstand voltage layer, or a source parasitic resistance Rs of MOS power 
transistors in a power converter and which generator is capable of largely reducing a channel resistance as a result of 
a reduction in the feedback effect of the source resistance whereby the power loss can be remarkably reduced with the 
synergistic effect of the reduction in the resistance power loss and the reduction in the channel resistance as compared 

45 with a three-phase full wave rectifier in A. C. generators using Si MOS power transistors and a three-phase full wave 
rectifier of the diode type having the same amount of power loss as the A. C. generator using Si MOS power transistors, 
and the cooling of the generator can be extremely simplified. 

To achieve the aforementioned objects, the present invention provides an A. C. generator for motor vehicles includ- 
ing a power converter for converting an alternating current generated voltage in an armature coil into a direct current 

so voltage to supply electricity to a battery, and an exciting current controller having a switching transistor for controlling an 
exciting current to an exciting coil. Semiconductor power elements in at least one of the power converter and the switch- 
ing transistor in the exciting current controller is formed of SiC. 

The aforementioned semiconductor power elements are constituted as MOS power transistors. In addition, the 
generator has a three-phase armature coil, and at least either high side MOS power transistors or low side MOS power 

55 transistors, the high side MOS power transistors connecting each terminal of the three-phase armature coil in parallel 
to a high potential terminal of the battery, the low side MOS power transistors connecting each terminal of the three- 
phase armature coil in parallel to a low potential terminal of the battery, the MOS power transistors being formed of the 
aforementioned SiC. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, features, and characteristics of the present invention will become clear to a person of ordi- 
nary skill in the art from a study of the following detailed description, the appended claims and drawings. In the drawing: 

5 

FIG. 1 is a circuit diagram of an A. C. generator for motor vehicles according to the first embodiment; 

FIG. 2 is a sectional view of the A. C. generator for motor vehicles of FIG. 1; 

FIGs. 3(a) and 3(b) are equivalent circuit diagrams of a structure for an inverter circuit; 

FIG. 4 is a partially enlarged sectional view showing one example of an MOS power transistor structure constituting 
w a three-phase full wave rectifier; 

FIG. 5 is a partially enlarged sectional view showing one example of an MOS power transistor structure constituting 
the three-phase full wave rectifier; 

FIG. 6 is a view of voltage-to-current properties in a PN diode formed of Si; 
FIG. 7 is a view of voltage-to-current properties in a MOS power transistor formed of Si; 
15 FIG. 8 is a view of voltage-to-current properties in a MOS power transistor formed of SiC of the embodiment; 

FIG. 9 is a view showing the relationship between a channel resistance and a withstand voltage in the MOS power 
transistor shown in FIGs. 7 and 8; 

FIG. 10 is a view showing the relationship between an output current, efficiency and revolution number is the A. C. 
generator for motor vehicles when a three-phase full wave rectifier of the Si-MOS power transistor type and a three- 
20 phase full wave rectifier of the SiC-MOS power transistor type are used; 

FIG. 11 is a view showing the relationship between a noise voltage and a revolution number in the A. C. generator 
for motor vehicles when the three-phase full wave rectifier of the Si-MOS power transistor type and the three-phase 
full wave rectifier of the SiC-MOS power transistor type are used; 

FIG. 12 is a side view showing a rear side of the A. C. generator for motor vehicles, the perspective^ showing the 
25 three-phase full wave rectifier; 

FIG. 13 is an internal perspective plan view of the three-phase full wave rectifier of FIG. 12; 

FIG. 14 is an equivalent circuit diagram showing a second embodiment; 

FIG. 15 is a sectional view showing a third embodiment; 

FIG. 16 is a equivalent circuit diagram showing a fourth embodiment; 
30 FIG. 1 7 is a circuit diagram of the A. C. generator according to a fifth embodiment; 

FIG. 18 is a sectional view of low side MOS power transistors and a switching transistor 20b in the three-phase full 

wave rectifier 19 in FIG. 1 7; 

FIG. 19 is an actual measurement properties showing a relation between the revolution number and the output cur- 
rent in the A. C. generator for motor vehicles, the generator incorporating a switching transistor using the SiC- 
35 MOST of the present invention and the conventional Si-BPT and Si-MOST; 

FIG. 20 is a circuit diagram of the A. C. generator for motor vehicles according to a sixth embodiment; 
FIG. 21 is an equivalent circuit diagram showing part of the circuit of FIG. 20; 
FIG. 22 is an equivalent circuit diagram showing part of the circuit of FIG. 20; 

FIG. 23 is a circuit diagram of the A. C. generator for motor vehicles according to a seventh embodiment; 
40 FIG. 24 is a sectional view of the high side MOS power transistors and the switching transistor 20d in the three- 
phase full wave rectifier of FIG. 23; 

FIG. 25 is circuit diagram of the A. C. generator for motor vehicles according to an eighth embodiment; 
FIG. 26 is a view showing a state in which the full wave rectifier and an exciting switching transistor 20e are pro- 
vided on the same radiating fin 31 ; 
45 FIG. 27 is a sectional view in which a flywheel diode 40a and an exciting switching transistor 41 are formed on the 
same chip; and 

FIG. 28 is an equivalent circuit diagram showing a circuit of FIG. 27. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 

50 

As described above, since A. C. generators for motor vehicles have a large accumulated magnetic energy amount 
in an armature winding and a field coil, it is necessary to set a withstand voltage of each of semiconductor power ele- 
ments in the rectifier to, for example, about 300 volts, which is more than 20 times the output rectifying voltage in the 
rectifier. 

55 In addition, a large output current of 1 00 A or more is demanded as a result of an increase in the electric load car- 
ried on vehicles. 

Here, a breakdown electric field strength of SiC is about 400 volts/urn, which is about 1 3 times that of Si. The fact 
that SiC has much larger breakdown electric field than Si means that use of SiC as a constituent element of the rectifier 
in A. C. generators for motor vehicles has an advantage of remarkably reducing a power loss in MOS power transistors. 
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The advantage of reduction in the power loss resulting from a difference in the aforementioned breakdown electric field 
strength will be explained further in detail hereinafter. 

As an example, consideration is given to a case where SiC MOS power transistors are used in the three-phase full 
wave rectifier of the A. C. generator for motor vehicles to secure a withstand voltage of 300 volts. For simplicity, it is 

5 thought that the N-type withstand voltage layer 1 07 (for example, shown in FIGs. 4 or 5. where the structure is the same 
in the present invention as was previously known. However, the present invention achieves superior results by using SiC 
rather than pure Si.) contributes completely to the withstand voltage of 300 volts. 

When it is simply thought that the N-type withstand voltage layer 107 endures the withstand voltage of 300 volts, 
the required thickness of the N-type withstand voltage layer 105 is about 4 urn, the impurity concentration is 2 x 10 16 

10 atoms/cm 3 , and the resistivity is about 1.25 ncm with the breakdown electric field strength of SiC being set to 400 
volts/urn. On the other hand, the required thickness of the 300 volt withstand voltage layer in the Si MOS power transis- 
tor described above is about 20 urn, the impurity concentration is 1 x 1 0 15 atoms/cm 3 and the resistivity is about 5 Ocm. 
Consequently, this means that the resistance of the N-type withstand voltage layer 1 07 in the SiC MOS power transistor 
can be reduced to 1 /20 that of the N-type withstand voltage layer 1 07 in the Si MOS power transistor. However, it is quite 

is natural that the impurity concentration in the N-type withstand voltage layer 107 can be lower than the aforementioned 
value in relation with the impurity concentration in the P-type well region 103. 

On the other hand, the resistance of the withstand voltage layer in the SiC MOS power transistor can be reduced 
to 1/10 that of the Si-BPT and the Si-MOST to realize the withstand voltage (for example, 300 volts or more) required 
of a switching transistor for exciting current control. 

20 That is, the Si MOS power transistor has a breakdown electric field strength of about 30 volts/jim. When it is simply 
considered that the N-type withstand voltage layer 105 endures the withstand voltage of 300 volts, the required thick- 
ness of the withstand voltage layer is about 20 jim, the impurity concentration is 1 x 10 1 5 atoms/cm 3 , and the resistivity 
is about 5 ncm. 

Additionally, since the breakdown electric field strength of SiC is 400 volts/jim as described above, the required 
25 thickness of the N-type withstand voltage layer 105 is about 4 pm, the impurity concentration is 2 x 10 16 atoms/cm 3 , 
and the resistivity is about 1 .25 Qcm. Consequently, the resistance of the N-type withstand voltage layer 105 in the SiC 
MOS power transistor as the switching transistor can be reduced to about 1/20 that of the N-type withstand voltage layer 
1 05 in the Si MOS power transistor. 

Furthermore, even other resistance components are added to the resistance of the N-type resistant layer 105 in the 
30 calculation, an ON resistance r of the SiC-MOST will be about 1/25 that of the Si-MOST, and about 1/1 9 that of the Si- 
BPT when the ON resistances r of Si-BPT, Si-MOST, and SiC-MOST are calculated with the design rules and the chip 
area being the same. 

As described above, the permissible temperature rise AT permissible from the surrounding environment regulates 
the maximum permissible heating quantity Qmax, which can be represented by the following expression; 
35 Qmax = r x Irnax 2 where r is an ON resistance r of the switching transistor and Imax is the maximum exciting current. 
The fact that the ON resistance r can be reduced as described above means that the maximum exciting current can be 
increased by about 4 to 4.5 times (namely, 1/(r° ■ 5 ) with one chip when the maximum permissible heating quantity Qmax 
is definite. This means that the maximum flux amount <Dmax controllable with one switching transistor, and even the out- 
put of A. C. generators for vehicles can be remarkably increased. Naturally such an increase in the maximum flux 
40 amount <Dmax requires an enlargement of the field coil and a field iron core. The fact that such a large amount of field 
flux can be controlled with one switching transistor is an important advantage. 

It goes without saying that the ON resistance can be reduced to 1/25 and the same operation can be realized when 
25 Si-MOST's are connected in parallel. However, it is difficult to arrange such a large number of Si-MOST's or Si-BPTs 
on the end surface of a housing of the generator. Even if it is possible to arrange such transistors thereon, the inside of 
45 the generator can hardly be cooled by ventilation because the cooling air is absorbed inside from the end surface of the 
housing. Thus, it is impossible to use such an arrangement on a practical level. 

Therefore, as seen in the present invention, the output of the A. C. generator for motor vehicles can be remarkably 
increased with the adoption of a SiC-MOST as the switching transistor. 

On the other hand, when the output of the A. C. generators for motor vehicles is set to the same level as the con- 
so ventional counterpart assuming that the maximum exciting current Imax remains the same, the ON resistance r of the 
switching transistor can be reduced to about 5% of that of a conventional switching transistor. Thus, the heating can be 
reduced by about 95%. with the result that a rise in temperature of the element can be largely reduced, and a cooling 
system such as cooling fin will be simplified. 

Further, since the required space is largely reduced, the cooling performance can be improved with a larger open- 
55 ing of a cooling air inlet on the end surface of the housing. 

Additionally, assuming that the heating amount of the switching transistor is the same as the conventional counter- 
part, the chip area can be reduced to about 1/20 thereby largely improving the yield of chips and integrating other cir- 
cuits. 

Incidentally, in the aforementioned description, the SiC-MOS power transistor is used as the switching transistor. 
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However, it goes without saying that the same advantage can be produced by using as the switching transistor other 
power elements such as a SiC bipolar transistor and MOS-SIT in place of the SiC-MOS power transistor. 



Embodiment 1 

5 

Referring to FIG. 2, there is illustrated an overall construction of an engine-driven A. C. generator for motor vehi- 
cles, or a so-called alternator according to embodiment 1 of the present invention. 

A hull of the generator comprises a drive frame 1 and a rear frame 2 which are directly connected with a plurality 
J of stud bolts 15 or the like. 

10 A stator core 3 is fixed to an internal circumference of the frames 1 and 2. A three-phase generator winding 5 is 
wound around the stator core 3. A shaft 9 is rotatably supported by bearings 1 3 and 14 fixed to the frames 1 and 2. A 

mint rnro ft ic lnr?atoH nn thn internal r>irrnm*aran/«A r>* *U ~ o x:, — «i *^ mm i x*. o a x: t- . . ^ ~ ■ . 
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wound around the rotator core 6. On both end surface of the pole cores 7 and 8 P cooling fans 1 1 and 12 are arranged. 
In addition, a three-phase full wave rectifier 19 incorporating voltage regulator 18 is provided outside of rear frame 2. In 
15 FIG. 2, numeral 16 is a brush, 17 is a slip ring, and 23 is a rear cover. Further, numeral 22a denotes cooling air intro- 
duced from an inlet 24a to an outlet 25a. 

A circuit configuration of the A. C. generator for motor vehicles according to embodiment 1 will be explained in con- 
junction with FIG. 1 . 

The voltage regulator 18 comprises the three-phase full wave rectifier 19 and a voltage regulating portion 20. The 

20 rectifier 19 is a three-phase full wave rectifier comprising MOS power transistors 19a through 19f of the N-channel 
enhancement type formed on a single crystal SiC. In such a rectifier, the high side transistors 19a through 19c connect 
each phase output terminal of the three-phase generator winding 5 to a high potential terminal of the battery 21 
whereas the low side transistors 19d through 19f connect each phase output terminal of the three-phase generator 
winding 5 to a low potential terminal of the battery 21 . 

25 The voltage regulating portion 20 is connected to the field winding 10 via a brush 16 and a slip ring 17, and is 
mounted on the same substrate (not shown) as the three-phase full wave rectifier 19. Mounting such three-phase full 
wave rectifier 19 and the voltage regulating portion 20 on the same substrate enables the shrinkage of the length of the 
wirings. Furthermore, each phase generated voltage is entered to each phase output terminal of the three-phase gen- 
erator winding 5. A gate voltage applied to each gate electrode of the MOS power transistors 19a through 19f is con- 

30 trolled based on these input signals. 

The voltage control behavior is explained as follows. In an engine (not shown), a voltage regulating portion 20 of 
the voltage regulator 18 reads a voltage VB of the battery 21. When the opening and closing of the field winding 10 is 
controlled so that the voltage of the battery 21 assumes a definite value, a three-phase alternating current voltage is 
excited in the three-phase generator winding 5 with the result that a direct current rectified throughout the full wave 

35 thereof by the three-phase full wave rectifier 19 charges the battery. Otherwise the rectified direct current is consumed 
at the electronic load of vehicles or the like. The cooling fans 1 1 and 12 (FIG. 2) rotate to cool the field winding 10, the 
three-phase generator winding 5 and the voltage regulator 18. 

Next, there is illustrated an open and close control of each of the MOS power transistors 19a through 19f in the 
three-phase MOS power transistors 1 9a through 1 9f by the voltage regulating portion 20. The voltage regulating portion 

40 20 reads each of the three phase generated voltages Vy, V v , and V w which are potentials at an output terminal of each 
phase of the three-phase generator winding 5 so that a generated voltage between windings which is larger than the 
terminal voltage of the battery 21 is selected out of generated voltages between windings V y - V v , V v - V w and V w -Vy. 
Then one of the high side MOS power transistors 19a through 19c and one of the low side MOS power transistors 19d 
through 19f are turned on so that the selected generated voltage between windings is applied to the battery 21. This 

45 allows a charging current to be supplied from the selected three-phase generator winding to the battery 21 . 

Furthermore, the voltage regulating portion 20 detects the terminal voltage of the battery 21 like normal regulators. 
The detected voltage is compared with the preset reference voltage so that a switching transistor intermittently controls 
the exciting current to maintain the terminal voltage at a target level as in the prior art. The switching transistor may be 
a SiC MOS transistor. 

so The details of the three-phase full wave rectifier of the MOS power transistor type using the aforementioned SiC is 
explained hereinbelow in conjunction with FIGs. 3 (a) and 5. FIG. 3 (a) is a view of an inverter circuit, the view showing 
one phase portion of the three-phase full wave rectifier of the MOS power transistor type according to embodiment 1 of 
the present invention. FIG. 5 is a view showing part of a cross sectional structure of the MOS power transistors 19a 
through 19f. 

55 In the inverter circuit of the N-channel MOS power transistors shown in FIG. 3(a), a drain electrode D of the high 
side MOS power transistor 101 and a source electrode S of the low side MOS power transistor are connected to one 
phase output terminal of the three-phase generator winding 5, a drain electrode D of the low side MOS power transistor 
102 is connected to a low potential terminal of the battery 21, and a source electrode S of the high side MOS power 
transistor 101 is connected to a high potential terminal of the battery 21 . The direction of charging current at the time of 
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battery charge is opposite to the direction of the travel of electrons. The source electrode S refers to an electrode at 
which carrier electrical charge of carriers at this charging time is charged to the channel. 

In the MOS power transistors 101 and 102, as shown in FIG. 3(a) and 3(b), a source connected side parasitic diode 
Ds and a drain connected side parasitic diode Dd are generated between the P-type well region 103 that will be 

5 described later (namely, a region immediately under the gate electrode 101) and the source electrode S or the drain 
electrode D. However, the P-type well region 103 and the drain electrode D are short-circuited out of the necessity of 
adding electrons to the P-type well region 103. The reason for this fact is already described. This enables the source- 
connected side parasitic diode Ds to prevent the aforementioned reverse current from the battery 21 . 

Next, part of the cross sectional structure of the MOS power transistor according to embodiment 1 will be explained 

10 in conjunction with FIG. 5. 

On the SiC NMype substrate 106, an N-type withstand voltage layer 105 is epitaxially grown and formed. Further, 
on the surface portion of the N-type withstand voltage layer 105, a P-type well region 103 is formed by ion implantation 
of aluminum. Further, on the surface portion of the P-type well region 103, an N + -type region 104 is formed by ion 
implantation of nitrogen. Then, an opening is formed on a region of a wafer surface where a trench is to be formed, fol- 

15 lowed by masking the trench with a resist or an insulating film to provide a trench 1 08 in a recessed configuration by the 
known dry etching called the reactive ion etching (R.I.E.). After that, on the surface of the trench 108, a gate insulating 
film 109 formed of silicon oxide film is formed on the surface of the trench 108 with the thermal oxidation process fol- 
lowed by forming in the trench 108 a gate electrode 1 10 of doped polysilicon. Then the metal electrode 1 1 1 is allowed 
to contact the N + -type region (drain electrode) and the surface 104 of the P-type well region followed by allowing the 

20 metal electrode 1 12 to contact the surface of the N + -type substrate (source electrode) 106 thereby completing an ele- 
ment 

Therefore, in embodiment 1 , when a high voltage (for example, +300 volts) is applied between the source electrode 
106 and the drain electrode 111 during the turning off of the MOS power transistor, a depletion layer swells primarily 
toward the n-type pressure withstand voltage layer 105 to endure such a high voltage. Consequently, the N-type with- 
25 stand voltage layer 105 serves as a source feedback resistance Rs. As described above, the resistance itself and the 
channel resistance increasing effect generate a power loss. 

However, since a single crystal SiC is used as the material in embodiment 1 , the thickness of the N-type withstand 
voltage layer 105 and the impurity concentration can be largely improved compared with the conventional Si. 

The design condition of the N-type withstand voltage layer 105 is considered when the withstand voltage of the N- 
30 type withstand voltage layer 105 is set to 300 volts. 

The breakdown electric field strength of Si is about 30 V/uxn. When it is simply thought that the N-type withstand 
voltage layer 107 endures the withstand voltage of 300 volts, the required thickness of the withstand voltage layer is 
about 20 urn, the impurity concentration thereof is 1 x 10 15 atoms/cm 2 , and the resistivity is about 5 ficm. 

On the other hand, the breakdown electric field strength of SiC is about 400 V/|im. When it is simply thought that 
35 the N-type withstand voltage layer 105 endures the withstand voltage of 300 volts, the required thickness of the with- 
stand voltage layer is about 4 urn, the impurity concentration thereof is 2 x 10 16 atoms/cm 2 , and the resistivity is about 
1 .25 Qcm. 

Hence, the resistance of the N-type withstand voltage layer 107 of the SiC MOS power transistor can be reduced 
to 1/20 that of the N-type withstand voltage layer 107 of the Si MOS power transistor. As described above, the channel 
40 resistance can be largely reduced along with it. With this synergistic effect, a three-phase full wave rectifier for motor 
vehicles with low loss can be realized. 

In other words, it has been made clear that a three-phase full wave rectifier having an excellent effect that cannot 
be predicted from the prior art can be realized by improving the breakdown electric field strength of the N-type withstand 
voltage layer 105 with the adoption of SiC. 
45 The aforementioned relation is naturally the same even when a high voltage other than 300 volts is applied to the 
N-type withstand voltage layer 105. 

FIGs. 6 through 8 show voltage-to-current properties of an Si diode, an Si MOS power transistor, and an SiC MOS 
power transistor manufactured with the same chip size and the design rule. However, the withstand voltage is set to 250 
volts. FIG. 6 shows Si diode properties. FIG. 7 shows Si MOS power transistor properties. FIG. 8 shows experimental 
so properties of a SiC MOS power transistor. As shown in FIGs. 6 through 8, the three-phase full wave rectifier 19 of 
embodiment 1 can reduce power loss by 90% or more compared with the conventional three-phase full wave rectifier 
under the condition of the output current of 75 A. 

FIG. 9 shows one example of calculation result with respect to ON resistance when the required withstand voltage 
of the MOS power transistor is changed. Incidentally, the ON resistivity is a sum of the channel resistance and the 
55 resistance of the N-type withstand voltage layer 105. In particular, the channel resistance varies with each kind of filter. 
However, as shown in FIG. 9, the aforementioned resistance of the N-type withstand voltage layer 105 becomes pre- 
dominant in the high pressure resistant region. 

In other words, the channel resistance itself does not virtually change even with an increase in the withstand volt- 
age (when an increase in the channel resistance is ignored which results from the aforementioned feedback effect 
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caused by an increase in the source parasitic resistance Rs), the resistance of the N-type withstand voltage layer 105 
increases while a positive correlation is maintained with respect to the withstand voltage. Consequently, the ON resis- 
tivity increases in proportion to an increase in the withstand voltage from a level in the vicinity of a withstand voltage of 
25 volts. However, it has been made clear that an increase in resistance of the N-type withstand voltage layer 105 can 

s be almost ignored up to a level of a withstand voltage of 250 volts in SiC, and the ON resistivity slowly increases only 
after the withstand voltage exceeds a withstand voltage of 250 volts. 

As apparent from FIG. 9, in a range A which shows a desired withstand voltage range for a current element 
installed in an alternator, SiC element of this embodiment is more effective as the above current element (range C). 
Range B (50 volts or less) shows a range wherein Si element is effective. 

w FIGs. 10 and 1 1 show properties of the A. C. generator for motor vehicles according to embodiment 1 in which a 
three-phase full wave rectifier 1 9 incorporating an SiC MOS power transistor and an Si MOS power transistor (compar- 

The output current is improved by about 10% (at the time of 12 poles and 5000 rpm). In addition, since the loss of 
rectified current can be almost ignored, the rectifying efficiency can be improved by about 3 to 5%. 

15 Additionally, since heating from the three-phase full wave rectifier 19 is largely lowered, the radiating fan can be 
reduced in size. As shown in FIG. 13, the three-phase full wave rectifier 19 and the voltage regulating portion 20 can be 
integrated in the same case 30. Furthermore, by integrating the three-phase full wave rectifier 19 and the voltage reg- 
ulating portion 20, wiring connecting the three-phase full wave rectifier 19 and the voltage regulating portion 20 can be 
omitted. An electromagnetic radiation noise produced from this wiring can be reduced. Compared with the conventional 

20 generator, as shown in FIG. 1 2, an inlet window for absorbing cooling air can be exposed without being directly covered. 
As a consequence, the mounting space of three-phase full wave rectifier 1 9 can be reduced, and the ventilation resist- 
ance and ventilation power can also be reduced. 

Furthermore, in embodiment 1 . as shown in FIG. 1 1 , it has been made clear that when a generator having a spec- 
ification of 12 poles and 100 A is rotated at 10000 rpm, the SiC three-phase full wave rectifier 19 can reduce the noise 

25 voltage included in the rectified output voltage by about 20% compared with the conventional Si three-phase full wave 
rectifier. This is because the potential change between both ends of the three-phase full wave generator winding 5 
resulting from the turning on and off of the MOS power transistors 19a through 19f is suppressed because the MOS 
power transistors 1 9a through 1 9f have small resistances. 

Furthermore, in the aforementioned embodiment, the three-phase full wave rectifier 19 incorporating voltage regu- 

30 lator 18 is accommodated inside the generator. The aforementioned voltage regulator 18 can be arranged on the out- 
side wall of the generator or outside of the generator separated from the generator. However, the three-phase full wave 
rectifier 19 and the voltage regulating portion 20 can be constituted separately. 
( Furthermore, an external phase generator other than the three-phase generator can be constituted in the same 

manner. 

35 Incidentally, FIG. 1 2 is a view showing a three-phase full wave rectifier incorporating a voltage regulator 1 8 as seen 
from the axial direction of the alternator shown in FIG. 2. FIG. 13 is a view showing an internal perspective enlarged 
view of the three-phase full wave rectifier 19 incorporating voltage regulator 18 shown in FIG. 12. In FIGs. 12 and 13, 
numeral 26 denotes DC current output terminal, 27 denotes a connector such as key switch signal and battery voltage 
signal, 29 is a terminal base for connecting generator windings. Further, 22b is a cooling air flowing from an inlet 24b to 

40 an outlet 25b. 

Embodiment 2 

Embodiment 2 of the present invention will be explained in conjunction with FIG. 14. 
45 In embodiment 2, only high side MOS power transistors in the three-phase full wave rectifier 19 are formed of SiC 

whereas low side semiconductor power elements are constituted with PN diodes 19X, 19Y and 192 formed of conven- 
tional Si. Thus embodiment 2 can have an advantage of reduction in power loss and simplification of cooling though the 
advantage of embodiment 2 is smaller than that of embodiment 1 . 

It goes without saying that only low side MOS power transistors are formed of SiC whereas high side semiconduc- 
so tor power elements are constituted of PN diodes formed of conventional Si. In place of the aforementioned PN diodes, 
MOS power transistors formed of Si can be adopted. 

Embodiment 3 

55 Embodiment 3 of the present is explained in conjunction with FIG. 15. 

In embodiment 3, the N + -type substrate 1 06 constitutes a common source electrode (refer to FIG. 1) of each of high 
side MOS power transistors 19a through 19c. On the substrate 106, P-type well regions 103a through 103c in each 
phase are individually formed sufficiently separated from each other by a distance that disables mutual punch-through. 
On the surface portion of each of the P-type well regions 103a through 103c N + -type drain regions 104a through 104c 
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are individually formed whereas on the surface portion of each of P-type well regions 103a through 103c gate elec- 
trodes 1 10a through 1 10c are arranged via an insulating film 109. The drain regions 104a through 104c are individually 
connected by conduction to gate electrodes 1 10a through 1 10c with a withstand voltage layer 105. 

This enables embodiment 3 to exhibit an excellent advantage in that a half bridge comprising three high side MOS 
5 power transistors can be accumulated on one chip without increasing any step of the manufacturing process. Further- 
more, power loss in each of the MOS power transistors 19a through 19c is so small that a temperature rise in each ele- 
ment can be avoided as a result of integration thereof. 

Embodiment 4 

10 

In embodiment 4 shown in FIG. 16, SiC MOS power transistors are arranged between high potential terminals of a 
battery 21 and the output terminal of each phase generator winding 5. On the other hand, the neutral point of the three- 
phase generator winding is connected to a low potential terminal of the battery 21 . 

A voltage regulating portion 20 reads the voltages V Uf V v and V w in each phase of the three-phase generator wind- 
15 ing with respect to the low potential terminal of the battery. Out of the voltages, a winding voltage which is larger than 
the terminal voltage of the battery 21 is selected so that the MOS power transistor corresponding to the phase thereof 
is turned on. 

This allows an output voltage obtained by half wave rectifying the three-phase alternating current to be supplied to 
the battery 21. When a high surge voltage is generated as a result of an interruption of a charge wiring connected to 
20 the battery, a voltage is applied to two elements, or a high side and a low side element which are connected in series 
in the aforementioned full wave rectifier. On the other hand, a high voltage is applied to one element in the half wave 
rectification of embodiment 3, the element requires about a two times larger withstand voltage. Consequently, the loss 
reduction effect is even larger through the use of SiC MOS transistors having a high withstand voltage and a low power 
loss. 

25 It goes without saying that the MOS power transistors may be arranged on the low potential terminal of the battery 

whereas the neutral point of the winding may be connected to the high potential terminal of the battery. The neutral point 
may be allowed to float. In this embodiment, the generator winding may not be the three-phase winding. 

Incidentally, the MOS power transistors 19a through 19f in each of the aforementioned embodiments are designed 
through the use of 6H-SiC as a material and with a withstand voltage of 300 volts. There is theoretically illustrated here- 
to inbelow the result of the analysis (refer to FIG. 9) of the resistances in the three-phase full wave rectifier 19 for motor 
vehicles using this 6H-SiC MOS power transistors 19a through 19f and the three-phase full wave rectifier 19 for motor 
vehicles using Si MOS power transistors. The channel resistance increase effect is ignored here which results from the 
feedback effect of the source parasitic resistance Rs. In addition, the circuit assumes a vertical construction shown in 
FIG. 5 with the same chip area. 
35 The resistance R of the transistor is a sum of the channel resistance rc and a resistance rb of the N + -type withstand 
voltage layer 105. 

Let the following equations be established; 

rc = L/W • (1/|ns • es • eo) 1 • (Tox/(Vg - Vt)) 

40 

rb=4Vb 2 • (1/ji • es • eo • Ec • A) 

Then the resistance of the SiC MOS power transistor is reduced to about 1/15 that of the Si MOS power transistor. 
However, Si has a breakdown electric field strength Ec of 3 x 10 5 V/cm and SiC has a breakdown electric field 
45 strength Ec of 3 x 10 6 V/cm. On the other hand, Si has a specific dielectric rate es of 1 1.8 and SiC has a specific die- 
lectric rate es of 10.0. Both Si and SiC have an area A of 1 mm 2 . Symbol Vb designates a breakdown voltage (withstand 
voltage). 

Furthermore, symbol \x designates a bulk mobility of electrons. Si has a bulk mobility ja of 1 100 cm 2 /(V - C) and SiC 
has a bulk mobility p. of 370 cm 2 /(V • C). Both Si and SiC have a channel length L of 1 jim, and a channel width W of 
so 222 jum. Symbol ^s designates a channel mobility. The channel mobility ps of Si is set to 500 cm 2 /(V • C) and the chan- 
nel mobility \i& of SiC is set to 100 cm 2 /(V • C). 

The aforementioned equation shows that SiC has smaller resistance than Si when the withstand voltage is 50 volts 
or more. Incidentally, since the substrate serves as a drain in the aforementioned equation, the resistance of Si should 
remarkably increase because of an increase in the channel resistance due to the feedback effect of the source parasitic 
55 resistance Rs described above when the substrate serves as a source. 

Therefore, it can be presumed that the resistance of the SiC MOS power transistors becomes low without fail when 
the withstand voltage is 100 volts or more even if the design rule somewhat changes. 

Incidentally, the P-type well region 103 is formed with ion implantation in each of the aforementioned embodiments. 
In the construction shown in FIG. 5, the P-type well region 103 can be epitaxially grown and formed. 
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Embodiment 5 

Embodiment 5 is explained in conjunction with FIG. 17. Like embodiment 1, a voltage regulator 18 comprises a 
three-phase full wave rectifier 19 and a voltage regulating portion 20. The three-phase full wave rectifier 19 comprises 
5 MOS power transistors 19a through 19c of the N-channel enhancement type, the transistors being formed of single 
crystal SiC. 

The voltage regulating portion 20 comprises a controller 20a, a switching transistor 20b and a flywheel diode 20c. 
The controller 20a PWM-controls the switching transistor 20b based on a battery voltage V B . Then, an exciting current 
passing through a field winding 1 0 from a battery 21 via a brush 1 6 and a slip ring 1 7 is controlled through the switching 
10 transistor 20b. 

Incidentally, as described hereinafter, the switching transistor 20b is formed of single crystal SiC. The switching 
transistor 20b Is Integrated on the same chip as the low side MOS power transistors I9d through I9f in the three-phase 
full wave rectifier 19. 

The three-phase full wave rectifier of the N-channel MOS power transistor type using the aforementioned single 
15 crystal 6H-SiC and the switching transistor 20b is explained in detail hereinafter in conjunction with FIGs. 17 and 18. 
However, FIG. 18 shows a cross sectional construction of the MOS power transistors 19d and 19e and the switching 
transistor 20b. 

Each of the MOS power transistors 1 9a through 1 9f in the three-phase full wave rectifier 1 9 is subsequently turned 
on and off with the controller 20a to rectify the three-phase full wave current. 
20 Reference numeral 1 20 designates a high resistance body for adding potential to the P-type well region 1 03 located 

immediately under a gate electrode. The high resistant body assumes a resistance of 1 50 ohms or more. 

The high resistance body 120 in high side MOS power transistors 19a through 19c is connected in parallel to the 
drain connected parasitic diode Dd whereas the high resistant body 120 in the low side MOS power transistors 19d 
through 19f is connected in parallel to the source connected parasitic diode Ds. 
25 In such a construction, a common source of high side MOS power transistors 19a through 19c can have a with- 
stand voltage layer between the source and the respective P-type well regions 103. Thus, these high side MOS power 
transistors 19a through 19c can be integrated on the same chip as shown in FIG. 15. 

Further, a common drain of low side MOS power transistors 19d through 19f can have a withstand voltage layer 
between the drain and the respective P-type well regions 1 03. Thus, these low side MOS power transistors 1 9d through 
30 19f can be integrated on the same chip as shown in FIG. 18. Incidentally because of insufficient space, FIG. 18 does 
not show the MOS power transistor 1 9f. 

Furthermore, in this particular embodiment, a power loss, or heating in these MOS power transistors 1 9a through 
19f can be largely reduced, and the required chip area can be reduced. Thus the switching transistor 20b is integrated 
on the same SiC chip as the low side MOS power transistors 19d through 19f. Namely, the three-phase full wave recti- 
35 tier 1 9 and the switching transistor 20b can be integrated on two chips. 

Additionally, referring to FIG. 18, reference numeral 103 designates a P-type well region, 104 an NMype source 
region, 105 an N-type withstand voltage layer, and 106 an IST-type substrate (common drain region). 

Next, there is illustrated hereinafter a method for manufacturing the MOS power transistors 19a through 19f and the 
switching transistor 20b according to embodiment 5. 
40 On the 6H-SiC N + -type substrate 106, an N-type withstand voltage layer 105 is epitaxially grown and formed. 

On the surface portion of the N-type withstand voltage layer 105, a P-type well region 103 is formed by ion implan- 
tation of aluminum. Further, on the surface portion of the P-type well region 103, the N + -type region 104 is formed by 
ion implantation of nitrogen. Then an opening is formed on a region on the wafer surface where a trench is to be formed. 
Then the opening is masked with resist and insulating film followed by forming a trench in a recessed configuration by 
45 the known R.I.E. dry etching. After that, a gate insulating film 109 formed of silicon oxide film is formed by thermal oxi- 
dation followed by forming a gate electrode 110 formed of doped polysilicon in the trench 108. After the process, the 
metal electrode 1 1 1 is allowed to contact the N + -type region (drain electrode)and the surface 104 of the P-type well 
region. Then the metal electrode 1 12 is allowed to contact the N + -type substrate (source electrode) 106 thereby com- 
pleting the element. 

so Table 1 shows an example of theoretical calculation of each kind of performance of Si bipolar transistors, Si MOS 
power transistors, and SiC MOS power transistors manufactured in the same size and under the same design rule. 

However, the theoretical calculation thereof is performed based on a circuit shown in FIG. 22 assuming that an 
effective chip area of each element is the same (16 mm 2 in this embodiment) and the design rule for both types of MOS 
power transistors is the same. 

55 
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Table 1 



B voltage 14 volts 

field winding resistance: 2.9 ohms 



10 




ON 

resistance 
(mohm) 


Voltage 
drop VS 

(V) 


Field 
winding 
voltage VF 
(V) 


Field 

current IF 
(A) 


Power 
loss (W) 
VS x IF 




bipolar 
transfer 


270 


1.2 


13.8 


4.4 


5.3 


15 


Si MOS 
FET 


350 


1.5 


13.5 


4.3 


6.5 
















SiC MOS 
FET 


14 


0.07 


14.93 


4.8 


0.34 



20 

Referring to FIG. 22, reference numeral 10 designates an exciting coil. It is assumed here that the exciting coil 10 
has a resistance of 2.9 ohms. Reference numeral 206 designates a switching transistor 206, The ON resistance of the 
bipolar transistor is 270 mohms, the ON resistance of Si MOS power transistor is 350 mohms, and the ON resistance 
of SiC MOS power transistor is 14 mohms. 
25 The aforementioned 270 mohms in the Si bipolar transistor is an actually measured value whereas 350 mohms in 
the Si MOS power transistor and 14 mohms in the SiC MOS power transistor are calculated from ON resistivity values 
(900 mfi • mm 2 in Si. 35 mn • mm 2 ) when the withstand voltage shown in FIG. 9 is 300 volts. 

It has been made dear from the calculation example that the calculation loss in the SiC switching transistor 206 is 
only 340 mW, which means that the loss can be remarkably reduced compared with the calculation loss number W of 
30 the Si switching transistor 206. 

Next, FIG. 19 shows the result of actual measurement of a relationship between the revolution number and the out- 
put current in A. C. generators for motor vehicles using a switching transistor 20b comprising an Si-MOST, an Si-BPT 
and an SiC-MOST manufactured under the same design rule and with the same chip area. 

It has been verified from FIG. 19 that the output current can be increased. 
35 Incidentally, in the aforementioned embodiment, low side MOS power transistors 19d through 19f in the three- 
phase full wave rectifier 19 and a switching transistor 20b are integrated. The reduction in the heating from the switching 
transistor 20b enables a monolithic integration of the switching transistor 20b and the controller 20a, or the monolithic 
integration of MOS power transistors 19d through 19f, the switching transistor 20b and the controller 20a. 

In this case, the three-phase full wave rectifier 19 preferably comprises MOS power transistors or MOS-SITs, the 
40 controller 20a is also favorably formed in the same element construction. In such a construction, a connection wiring 
between the low side MOS power transistors 1 9d through 1 9f and the controller 20a can be omitted with the result that 
electromagnetic radiation noises can also be reduced. 

Incidentally, referring to FIG. 18, the P-type well region is formed by ion implantation. However, the P-type well 
region can be epitaxially grown and formed. 

45 

Embodiment 6 

Another embodiment of the present invention will be explained in conjunction with FIGs. 20 and 21 . 
In embodiment 6, a switching transistor 41 for exciting current control constitutes the same hybrid integrated circuit 
so with the other circuit as part of the regulator 20a. 

The construction of embodiment 6 is explained in conjunction with FIG. 20. 

Reference character 1A designates a generator, 101 (B) an output terminal, 102 (IG) an IG terminal, 103 (S) an 
input terminal of B voltage, 104 (L) a charge lamp driving terminal, and 105 (E) a ground terminal. The generator 1 A 
comprises a generator winding 5, a field winding 10, a voltage regulator (hereinafter referred to as regulator) 20a, and 
55 a rectifier 19. The regulator 20a comprises such terminals as a charge lamp driving terminal 401 (L), a battery voltage 
detecting terminal 402 (S), an IG terminal 403 (IG), a +B terminal 404 (B), a field winding terminal 405 (F), a phase volt- 
age input terminal 406 (P) of the generator winding, and a ground terminal 407 (E), a flywheel diode 40, a switching 
transistor 41 for exciting current control, the transistor comprising MOSFET using a SiC material, a control IC (herein- 
after referred to as MIC) 42, and an electric heating choke driving transistor (SiC MOSFET) 43 of a charge lamp driving 
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transistor (SiC MOSFET) 44. Reference numeral 60 designates a charge lamp, 70 an electric heating choke, 21 a bat- 
tery, 90 an electrical charge, and 100 an IG switch. 

FIG. 21 is a function block diagram of the MIC of FIG. 20. 

Reference character 42a designates an IG input terminal, 42b a battery voltage sensing terminal, 42c a transistor 
5 driving terminal for driving the electric heating choke, 42d a transistor driving terminal for driving the charge lamp, 42e 
a ground terminal, 42f a phase voltage input terminal of generator winding, and 42g a driving terminal for driving excit- 
ing current control. Reference numeral 421 is a power source for driving MIC (42), 422 is a comparator for detecting 
power generation wherein the phase voltage of the generator winding is entered from one terminal, and a reference 
voltage Vref 1 (423) that can detect the presence of the start of power generation from the + terminal are entered 
io whereby when the phase voltage is lower than the reference voltage Vref 1 (423), a judgment is made to the effect that 
the power generation is not started which allows the comparator (422) to output a Hi signal to turn off the transistor 44 

and turn On the transistor 43 therehv linhtinn tho rharno bmn /an\ On +ho *u i la : 

- - - j - *- — — »«- ■ \^«/- • miw wmwi mui iw, wild i ii ic \j\ ictoc vuiiciyt; ii£>e^> 

and the start of power generation is confirmed, the comparator (422) outputs Lo to turn off the transistor 43 and to turn 
on the transistor 44 thereby supplying power to the charge (70). 
15 The comparator 424 controls a transistor for exciting current control. A voltage corresponding to a battery voltage 
is entered from one terminal whereas a voltage corresponding to a control goal voltage of the battery (Vref2 (425)) is 
entered from the + terminal. When the battery voltage is higher than a target voltage, the output of the comparator 
becomes Lo and the transistor 41 1 for exciting current is turned off. On the other hand, when the battery voltage is low, 
the output of the comparator 422 becomes Hi and the transistor 41 for exciting current is turned on. 

20 in the foregoing passage, an advantage of the present invention is described. 

A first merit of a lower ON resistance is that a voltage drop of the element 41 can be reduced with the result that an 
efficiency is improved as a result of reduced power loss and the radiating fan can be reduced in size because heating 
can be suppressed. A second merit is that a voltage is applied to a field winding 10 because the voltage drop can be 
reduced with the result that the exciting current increases and the output can be increased. The result of the verification 

25 of the aforementioned facts is shown in Table 1 described in embodiment 5. 

Namely, further referring to Table 1. the field winding 10 and the switching element 41 are connected in series as 
shown in FIG. 22. A voltage applied across the field winding 1 0 and the switching element 41 is set to 1 4 volts. The field 
winding 10 has a resistance of 2.9 ohms, An ON resistance of the element is set with currently used element with a with- 
stand voltage of 300 volts as a reference. The ON resistance of bipolar transistors is 270 mohms (an actual measure- 

30 ment of forward voltage drop is 1.2 volts), and the ON resistance of SiC-MOSFET is 350 mohms (an actual 
measurement of forward voltage drop is 1 .5 volts). Referring to the SiC-MOSFET, the ON resistance of SiC-MOSFET 
is calculated at 14 mohms because the ON resistance of SiC-MOSFET can be reduced to about 1/25 that of Si-MOS- 
FET at a withstand voltage of 300 volts from a relation of the ON resistance with respect to the withstand voltage of Si 
and SiC. As a consequence, the ON resistance, voltage drop (V s ), voltage (V F ) applied to the field winding, exciting cur- 

35 rent (l F ), and element loss (W) can be given as shown in Table 1 . It has been made clear that the exciting current of the 
SiC-MOSFET in the embodiment is improved by 9% compared with bipolar transistors, and by 12% compared with Si- 
MOSFET. It has been also made clear that the power loss of the SiC-MOSFET is reduced to 1/16 that of bipolar tran- 
sistors and 1/19 that of Si MOSFET The output increase expected as a result of an increase in the exciting current is 
shown in FIG. 19. FIG. 19 shows that the output of the SiC-MOSFET can be increased by about 6% compared with 

40 bipolar transistors and by about 9% compared with Si-MOSFET 

Embodiment 7 



FIGs. 23 and 24 show embodiment 7 of the present invention. In embodiment 7, high side MOS power transistors 
19a through 19c, and exciting switching transistor 20d are integrated on the same chip. In this case, the switching tran- 
sistor 20d is connected to the high potential side of the battery. 

Embodiment 8 



FIGs. 25 and 26 shows embodiment 8 of the present invention. In embodiment 8, an exciting switching transistor 
20e is formed as a separate entity from a voltage regulator 20a. In addition, the switching transistor 20e is provided on 
the same radiating fin 31 as the full wave rectifiers 19g through 19i and 19x through 19z as shown in FIG. 26. In this 
manner, a high heat resistance properties of SiC can be drawn out more when a switching transistor for exciting current 
control which constitutes a heating portion is separated from a voltage regulation portion in thermal construction. In 
addition, since the switching transistor is formed of SiC, the switching transistor can be operated at high temperatures. 
The switching transistor can be improved in cooling efficiency by sharing a radiating fin with the full wave rectifier who 
can have a high temperature on the order of, for example, 1 70 to 200°C. Since the voltage regulator except for the tran- 
sistor constituting a heating portion does not have a high temperature, cooling wind can be directed to a generator wind- 
ing or the like, which has further improved the efficiency of the generator. 
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Besides, when only the SiC-made exciting switching transistor which is capable of operating at high temperatures 
is incorporated in generators and a control circuit for a switching transistor using a conventional Si-IC which is not suit- 
able for a high temperature operation is arranged outside of the generator, the cooling performance of the generator is 
improved and the reliability thereof is also improved. 

5 

Embodiment 9 

FIGs. 27 and 28 show embodiment 9 of the present invention. In embodiment 9, a flywheel diode 40a is constituted 
of a MOS power transistor, and a transistor 41 for an exciting current control is formed of the SiC-made chip. 
10 The flywheel diode constituted of this MOS transistor is operated by controlling the gate G voltage of the transistor 
so that a circulating current flows through a field coil 1 0. Constituting the diode with the same chip improves the assem- 
blage work efficiency, and use of MOS transistors using SiC material with a low ON resistance in place of a flywheel 
reduced a loss of circulating current. 

The present invention thus being described, it is to be understood that the invention is not limited by any of the 
r5 details of description, unless otherwise specified, but rather be constructed broadly within its spirit and scope as set out 
in the accompanying claims. 

Claims 

20 1 . An engine-driven alternating current generator for a motor vehicle, comprising: 

[a] an armature coil (5) wound around an iron core (3) of said generator for generating an alternating current 
generated voltage, said armature coil having a coil output terminal (Vu, Vv, Vw); 

[b] a battery (21) for supplying power to an electrical system of said motor vehicle, said battery (21) having a 
25 high potential terminal (+VB) and a low potential terminal (GND); 

[c] a power converter (19) having at least one of high side semiconductor power elements (19a, 19b, 19c) and 
low side semiconductor power elements (19d, 19e, 19f; 19x, 19y, 19z), said high side semiconductor power 
elements connecting said coil output terminal (Vu. Vv, Vw) to said high potential terminal (+VB). said low side 
semiconductor power elements connecting said coil output terminal (Vu, Vv, Vw) to said low potential terminal 

30 (GND), said power converter (19) converting the generated alternating current voltage into a direct current volt- 

age which is applied to said battery (21); 

[d] a field coil (10) for generating a magnetic flux in said armature coil (5); and 

[e] an exciting current controller (20) having a switching transistor for controlling an exciting current supplied to 
said field coil (10); 

35 

characterized in that 

at least one of said semiconductor power elements (1 9a - 1 9f ; 1 9x - 1 9z) of said power converter (19) includes 
a MOS transistor structure, 

40 said MOS transistor structure including a breakdown voltage layer and being formed of SiC material which is 

a compound of Si and C, 

said breakdown voltage layer having a resistivity smaller than that of a MOS transistor structure which is 
formed of Si, so as to ensure the same breakdown voltage. 

45 2. Current generator according to claim 1 , characterized in that: 

said generator includes a three-phase armature coil (5) having three output terminals (Vu, Vv, Vw); and 
said power converter (19) has at least one of high side MOS power transistors (19a, 19b, 19c) as said semi- 
conductor power elements of SiC and low side MOS power transistors (19d, 19e, 19f) as said semiconductor 
so power elements of SiC, said high side MOS power transistors (19a, 19b, 19c) being connected in parallel 

between said three output terminals of said three-phase armature coil (5) and said high potential terminal 
(+VB) of said battery (21), respectively, and said low side MOS power transistors (19d, 19e, 19f) being con- 
nected in parallel between said three output terminals of said three-phase armature coil (5) and said low poten- 
tial terminal (GND) of said battery (21), respectively. 

55 

3. Current generator according to claim 1 or 2, characterized in that said power converter (19) includes both said high 
side semiconductor power elements and said low side semiconductor power elements, all of which are MOS power 
transistors, wherein at least one of all said high side and all said low side MOS power transistors is formed of SiC. 
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4. 



Current generator according to claim 1 or 2, characterized in that said power converter (19) includes both said high 
side semiconductor power elements and said low side semiconductor power elements, one of said high side sem- 
iconductor power elements and said low side semiconductor power elements being MOS power transistors of SiC 
and the other side semiconductor power elements being PN-junction diodes. 

5 

5. Current generator according to one of claims 2 through 4, characterized in that said MOS power transistor includes 
a N+-type SiC substrate acting as a source electrode where a current flowing through said MOS power transistor 
flows out. a N-type breakdown voltage layer formed on said substrate as said breakdown voltage layer a P-type 
well region formed on a surface portion of said N-type breakdown voltage layer, a N+-type drain region formed on 

io a surface portion of said P-type well region acting as a drain electrode where the current flowing through said MOS 
power transistor flows in, and a gate electrode disposed on a surface portion of said P-type well region between 

, » — . , u. <7cumjuvvi i vuuaytj ictyei wur i an msuianng mm interposed therebetween 

said gate electrode forming a N-channel at said surface portion of said P-type well region between said N+-type 
drain region and said N-type breakdown voltage layer, said N+-type drain region and said P-type well region being 

15 electrically short-circuited. 

6. Current generator according to claim 5, characterized in that 



20 



25 



said generator includes a three-phase armature coil (5) having three output terminals tVu, Vv, Vw); 
said high side semiconductor power elements are said MOS power transistors; and 

said MOS power transistors are integrated on a single chip so that said substrate is provided for a common 
source of said MOS power transistors, that each phase P-type well region of said MOS power transistors is 
individually formed on said substrate, that each phase N+-type drain region of said MOS power transistors is 
individually formed on said surface portion of each P-type well region and that each phase gate electrode is 
individually arranged on a surface portion of each P-type well region for forming a channel that allows each 
drain region and said breakdown voltage layer to conduct electricity. 



35 9. 



7. Current generator according to one of claims 2 through 6, characterized in that said power converter is mounted on 
a common substrate with a voltage regulating circuit for controlling the switching of said MOS power transistors in 

30 said power converter. 

i 

8. Current generator according to one of claims 1 through 7. characterized in that said power converter acts as one 
of full wave rectifier and a half wave rectifier. 

Current generator according to one of claims 2 through 8, characterized in that said switching transistor in said 
exciting current controller (20) comprises a MOS power transistor, wherein said MOS power transistors in said 
power converter and said switching transistor in said exciting current controller (20) are formed of a single crystal 
SiC material. 

40 10. Current generator according to claim 9, characterized in that said switching transistor (20b, 20d) in said exciting 
current controller (20) is integrated on a common SiC chip with said high side or low side MOS power transistors in 
said power converter. 

1 1 . Current generator according to one of claims 2 through 1 0, characterized in that said MOS power transistors in said 
45 power converter are disposed on a housing of said generator. 

12. Current generator according to one of claims 1 through 1 1 , characterized in that said switching transistor in said 
exciting current controller (20) is disposed separate from a control circuit portion of said exciting current controller 



50 



1 3. Current generator according to one of claims 1 through 12, characterized in that said switching transistor in said 
exciting current controller (20) is disposed on the same radiating fin as said semiconductor power elements in said 
power converter. 

55 14. Current generator according to one of claims 1 through 13, characterized in that said semiconductor power ele- 
ments in said power converter and said switching transistor in said exciting current controller (20) are disposed on 
a housing of said generator. 

15. Current generator according to claim 12, characterized in that said control circuit portion of said exciting current 
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controller is disposed outside of said generator to control said switching transistor disposed inside said generator. 

16. Current generator according to one of claims 1 through 15, characterized in that said power converter and said 
exciting current controller are housed in a same case and are disposed on a housing of said generator. 

5 

17. Current generator according to one of claims 1 through 16, characterized in that a MOS transistor (40a) making a 
circulating current to flow through said field coil (10) is connected in parallel with said field coil (10), and said MOS 
transistor (40a) is integrated on the same SiC material chip as said switching transistor (41) in said exciting current 
controller (20). 

10 

18. Current generator according to one of claims 1 through 17, characterized in that said MOS transistor structure 
includes a trench gate structure having a trench, a gate insulation film of a thermal oxide material formed at least 
on a sidewall of said trench and a gate electrode buried in said trench. 

is 1 9. Current generator according to one of claims 1 through 18, characterized in that said MOS transistor structure is of 
the vertical type. 

20. Current generator according to one of claims 1 through 19, characterized in that the thickness of said breakdown 
voltage layer is about 4 ^m and the impurity concentration thereof is 2 x 10 16 Atoms/cm 3 . 

20 
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